When a solution of binding protein and its ligand is dialyzed against a large volume of ligand-free medium, the rate of exit of the ligand from the proteincontaining compartment can be extremely slow, much slower than the rate observed in the absence When a solution of a binding protein and its ligand is dialyzed against a very large volume of buffer, the rate of disappearance of the ligand from the dialysis bag may be much smaller than it would be from a bag containing no protein. One may be inclined to believe that, with such a system, the rate of exit of ligand from the bag is a measure of the rate of dissociation of the protein-ligand complex (1-5). However, this is not the case. Although the real significance of the retention of ligand by protein is undoubtedly obvious to many, it has been so often misunderstood that the present discussion appears justified.
the half-life being proportional to ( When a solution of a binding protein and its ligand is dialyzed against a very large volume of buffer, the rate of disappearance of the ligand from the dialysis bag may be much smaller than it would be from a bag containing no protein. One may be inclined to believe that, with such a system, the rate of exit of ligand from the bag is a measure of the rate of dissociation of the protein-ligand complex (1) (2) (3) (4) (5) . However, this is not the case. Although the real significance of the retention of ligand by protein is undoubtedly obvious to many, it has been so often misunderstood that the present discussion appears justified.
The conclusion will not apply only to dialysis, but also to other experimental systems where apparently "out of equilibrium" situations are observed. The retention effect may also have some significance in certain phenomena, such as bacterial chemotaxis. [1] In this equation, a is a constant depending on the diffusion properties of the molecule and on experimental conditions, such as the porosity of the membrane and the geometry of the dialysis system. Eq. [1] The problem is to determine the variation of [L] with time when the bag also contains a protein able to bind the ligand molecule. We shall make two assumptions. The first, which deserves no further comment (6) , is that the rate of decrease in total ligand concentration [L] at any given moment, is proportional to the concentration of unbound ligand [LF] present in the bag at that moment. This first assumption can be written
The constant a is the same as in Eqs. [1] and [2] . The second assumption is that equilibrium between free protein PF, free ligand LF, and protein-ligand complex PL, is obtained at any moment during dialysis so that the mass law applies:
[ Retention of Ligand by the Periplasmic Maltose-Binding Protein of Escherichia coli. Proteins endowed with specific affinities for low-molecular weight compounds such as sugars, amino acids, vitamins, or ions can be released by a mild osmotic shock from Gram negative bacteria (7, 8) . These proteins, believed to be located between the cytoplasmic and outer membranes of the bacterial envelope, are called periplasmic binding proteins. They are involved in the transport of the low-molecular-weight compounds across the envelope (8, 9) and, for some cases, in the specific chemotaxis of the bacteria towards the same compounds (10) . The periplasmic maltose-binding protein of E. coli has an affinity for maltose as well as for maltodextrins such as maltotriose, maltotetraose, etc. When the binding of radioactive maltose, as measured by equilibrium dialysis, is plotted according to Scatchard (11) , the population of maltose-binding protein appears heterogeneous in that half the molecules bind the ligand with a dissociation constant Kd = 1.5 X 10-6 M while the other half binds maltose with a dissociation constant Kd = 10-5 M. The significance of this heterogeneity is presently under study. In the experiment described below, the concentration of maltose is sufficiently low that binding to the high affinity sites only can be detected. Recent studies performed by fluorescence spectroscopy (Szmeleman and Silhavy, in preparation) yield a Kd of 1.25 X 10-6 M for the binding of maltose, suggesting that only the high affinity binding is detected by the technique. The same technique yields a Kd of 2.5 X 10-7 M for the binding of maltotriose.
Fluorescence spectroscopy also demonstrates that the rate of dissociation of the maltose-maltose-binding protein complex is high, the half-life of the complex being less than a few seconds (Szmelcman and Silhavy, in preparation). Therefore, the low rate of decrease of maltose concentration in a dialysis bag containing a mixture of binding protein and maltose and placed in a large volume of maltose-free buffer (4) cannot be a measure of the rate of dissociation of the maltose-maltosebinding protein complex.
The experiment described in Fig. 1 shows the decrease in total radioactive maltose or maltotriose concentration inside dialysis bags containing different concentrations of maltosebinding protein and preequilibrated with the radioactive substrate. Retention of the ligand inside the bag is evident in all cases and, as predicted by Eqs. [8] , the decrease in radioactivity follows quasi-first-order kinetics when the total ligand concentration inside the bag is sufficiently low. The values of a/# obtained from the linear parts of the curves in Fig. 1 are listed in Table 1 , together with the expected values computed from the known values of [P] and Kd, using Eq. [8] . The agreement between the expected and observed values for a/#3
can be considered satisfactory, in view of the uncertainties regarding both the reproducibility of the geometric conditions in the different dialysis bags and the small volume variations during dialysis, to be expected especially at the highest protein concentrations.
In this particular example of the retention effect it is easy to verify the validity of the second assumption (Eq. [4] ) made during the above calculation, i.e., that the mass law does apply at any moment during dialysis. We have seen that such an approximation would be admissible whenever ka [PF] would be much larger than a. In the experiment of Fig. 1, [PFI is in all cases higher than 10-6 M. The value of ka is not known but is presumably of the same order as the rate constant for association of glutamine with the glutaminebinding protein (12) Results similar to those just reported were obtained with the galactose-binding protein of E. coli (3).
Role of the retention effect in biochemical techniques An obvious application of Eqs. [8] There is no reason why the retention effect should be restricted to dialysis. On the contrary, it should occur whenever high local concentrations of binding sites exist in a volume whose boundaries allow diffusion of the ligand. Such situations occur during chromatography, electrophoresis, or ultracentrifugation of proteins. Thus, the retention effect certainly accounts for the fact that some radioactive maltose electrophoreses along with maltose-binding protein on polyacrylamide gels (4), or that galactose and glucose remain associated with galactose-binding protein upon gel filtration (2) . Most probably the retention effect also accounts for the fact that radioactive ligand bound by immobilized galactose-binding (19) (20) (21) .
Regarding the function of periplasmic binding proteins in transport, the retention effect may be responsible for the fact that bacteria preloaded with radioactive galactose (22) In vitro, on the other hand, the half-life of the receptorestradiol complex, bound to chromatin as it is in vivo, is only about 20 min at 370 (25) . A factor that could, at least in part, account for such a difference, would be that the receptor exists in vivo at rather high local concentrations. Since Kd is about 10-11 M in this case, the local concentration needs not be extremely high so that [P]/Kd rapidly becomes significant.
In the nervous system, the relaxation time for excitation potential must be in part determined by the rate of release of t The bacteria readily detect several attractants at concentrations of 10 -M or below (19) . When the concentration is 10-6 M, there is, on the average, about one molecule of free attractant in the periplasmic space of each bacterium.
acetylcholine from the synaptic junction (26) . Since the acetylcholine receptor is concentrated in patches on the postsynaptic membrane (27) The results obtained at different protein concentration, fit well with the theoretical prediction developed here.
